Mean arterial blood pressure, heart rate, and cardiac output were measured during continuous graded exercise (5.5 km/hr; 0, 7, 14, and 21% grades) in conscious dogs, under each of the following four conditions: (1) baroreceptors intact, (2) chronic aortic arch denervation, (3) chronic aortic arch denervation and surgical preparation of the carotid sinuses for later reversible vascular isolation, and (4) chronic aortic arch denervation and carotid sinuses vascularly isolated at a fixed pressure. Arterial blood pressure increased with increasing work load to a maximum of 12 ± 3, 18 ± 5, and 14 + 5 mm Hg above control in conditions 1, 2, and 3, respectively. In condition 4, the maximum increase in pressure during graded exercise was 51 ± 7 mm Hg above control. Upon cessation of graded exercise, the increase in arterial pressure persisted through the 5-minute recovery period. Heart rate and cardiac output increased similarly in proportion to work load under all four conditions. In contrast to dogs in condition 4, three dogs with chronic sinoaortic denervation showed no work load-related increase in arterial pressure during exercise. Thus, during exercise, the carotid baroreflex acts to balance finely the opposing effects of sympathetic vasoconstriction and metabolic vasodilation. (Circ Res 52: 253-262, 1983) THE QUESTION of regulation of arterial blood pressure by carotid and aortic baroreceptors during exercise is controversial (Bevegard and Shepherd, 1966; Vatner et al., 1970; Krasney et al v 1974; McRitchie et al., 1976; Melcher and Donald, 1981) . Studies in dogs have utilized chronic denervation of aortic and of carotid baroreceptors, singly or in combination. Using these techniques, Krasney et al. (1974) and McRitchie et al. (1976) have concluded that arterial baroreflexes are not involved in the regulation of arterial pressure during exercise. The development of a technique to produce reversible vascular isolation of the carotid sinuses (Stephenson and Donald, 1980a) has permitted evaluation of the role of the carotid baroreflex in the regulation of arterial pressure by examining the cardiovascular responses when the carotid sinuses are acutely prevented from responding to arterial pressure. Melcher and Donald (1981) used this preparation in conscious exercising dogs and found that the response of arterial blood pressure to light and to severe exercise was normal when only the carotid baroreceptors or only the aortic and vagal cardiopulmonary receptors were able to respond to the stress. When all three systems were inoperative, arterial pressure fell with the start of light exercise and remained depressed throughout the run. They concluded that the carotid baroreflex had a significant, although not indispensable, role in the complex interaction of the several mechanisms that act to maintain arterial pressure during exercise.
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Methods

Experimental Design
Experiments were performed on 10 conscious mongrel dogs (body weight 15-24 kg) trained to run on a treadmill at a constant speed of 5.5 km/hr at grades of 0, 7, 14, and 21%. Heart rate, blood pressure, and cardiac output were monitored during an initial control period in which dogs stood quietly on the treadmill, during exercise of increasing intensity in which dogs ran for 3 minutes at each of the grades listed above and during a 5-minute recovery period while dogs stood quietly on the treadmill.
This protocol was followed in the intact dog and in the same dog following surgical manipulations designed to. progressively remove arterial baroreceptor input.
The order of experimentation was as follows:
Group 1 1. Jntact Dog: No baroreceptor denervation was performed. Chronic indwelling catheters were implanted into the aorta via the omocervical artery under general anesthesia. Only blood pressure and heart rate were monitored. Studies began 2-3 days after placement of the catheter.
2. Denervation of the Aortic Arch: After data were collected from the intact dogs, the aortic arch was denervated by stripping the ascending aorta circumferentially from about 0.5 cm above the origin of the left main coronary artery to the level of the first intercostal artery of the descending aorta. The left subclavian artery was stripped from its origin to the point at which it was crossed by the 254 Circulation Research/Vo/. 52, No. 3, March 1983 left ansa subclavia. The brachiocephalic artery, the first 1-2 cm of the right and left common carotid arteries, and the right subclavian artery also were stripped. All dissected vessels were painted with 5% phenol. At this time, an electromagnetic flow transducer was placed around the ascending aorta. The experimental protocol described earlier was followed on these dogs after a 2-week recovery period while exercise training continued.
3. Preparation of Both Carotid Sinuses for Reversible Vascular Isolation : On completion of the studies in the dogs with chronic denervation of the aortic arch baroreceptors, both carotid sinuses were prepared for reversible vascular isolation (Stephenson and Donald, 1980a) . Briefly, pneumatic occlusion cuffs were placed around both common carotid and external carotid arteries. The lingual, occipital, thyroid, and internal carotid arteries were ligated, and stainless steel nonocclusive catheters were implanted in the common carotid arteries, between the occlusion cuffs. Inflation of the pneumatic cuffs resulted in a vascularly isolated carotid sinus in which pressure was controlled via fluidfilled pressure bottles (heparinized, 3000 U/liter, Iactated Ringer's solution equilibrated with a gas mixture of 5% CO2 and 95% O2 brought to a pH of 7.4 by adding sodium bicarbonate). A 10-day recovery period was observed, during which time animals were reconditioned to the exercise. The previously described protocol was employed under two conditions: (1) The carotid sinuses were in continuity with the systemic circulation (carotid sinuses free-running). (2) Both carotid sinuses were vascularly isolated by inflation of the pneumatic cuffs, and the intrasinus pressure was adjusted to a levehwhich resulted in an arterial blood pressure close to the value that existed prior to isolation of the sinuses (carotid sinus vascularly isolated).
All surgical preparations were performed under sodium pentobarbital anesthesia (30 mg/kg), following standard sterile surgical techniques. Antibiotics (clindamycin phosphate, 0.6 g; gentamicin, 80 mg) were given over the succeeding 5 days. Arterial catheters were flushed daily and filled with heparin (1000 U/ml) containing penicillin G (100,000 U/ml).
Exercise data were collected oh three separate days for each of four experimental conditions: (1) intact, (2) aorticdenervated, (3) aortic-denervated with carotid sinuses freerunning, and (4) aortic-denervated with both carotid sinuses vascularly isolated and maintained at a selected static pressure. We performed data collections for carotid sinus freerunning, and carotid sinus vascularly isolated, on the same day, alternating the order of experimentation in successive experiments.
In addition to the progressive exercise protocol, two dogs were exercised at 0% grade for 12 minutes in each of the four baroreceptor conditions. Renin: Plasma renin activity was determined using radioimmunoassay (Haber et ah, 1969) in two dogs in group I at rest and during the 3rd minute of exercise at 21% grade.
Group II
Chronic sinoaortic denervation was performed in three dogs. The aortic baroreceptors were denervated using the method describediin group I. The carotid sinus nerves were extirpated bilaterally. The carotid sinus, the internal carotid, and the occipital arteries were stripped and painted with 5% phenol.
The progressive exercise protocol and the 12-minute run at 0% grade were repeated' on three separate days by each denervated dog.
Evidence of Baroreceptor Innervation/Denervation
After 'denervation of the aortic baroreceptors, all dogs became markedly hypertensive (mean 211 ± 7 mm Hg) when the pressure within the vascularly isolated carotid sinuses was reduced to 40 mm Hg. Intravenous injections of phenylephrine also were used to verify denervation of the aortic baroreceptors. A pronounced bradycardia (mean decrease of 40 beats/min) developed in response to a bolus injection of phenylephrine (40 fig/kg ) when the carotid sinuses were free-running in dogs with aortic denervation. With carotid sinuses isolated, the reflex bradycardia induced by phenylephrine could act through only the aortic arch reflex loop. Absence of bradycardia under these conditions (less than 10 beats/min reduction in rate) was taken as evidence for denervation of aortic baroreceptors. All dogs in the study satisfied this criterion.
Intravenous injections of phenylephrine (40 /ig/kg) were used to determine the completeness of sinoaortic denervation in group II. No dog responded with a decrease in heart rate greater than 10 beats/min.
To demonstrate carotid sinus function after surgical preparation for vascular isolation, we obtained stimulus-response curves by exposing the vascularly isolated sinuses to different pressures and recording the resulting mean arterial pressure (Stephenson and Donald, 1980b; Melcher and Donald, 1981) . Vascularly isolated carotid sinses were exposed to step changes in static pressure by switching between two pressurized bottles containing the heparinized Iactated Ringer's solution. The first pressure chosen resulted in an arterial pressure approximating the dog's ordinary pressure (operating point). From the operating point, the carotid sinus pressure was changed alternately to higher and lower pressures, each pressure being held until the arterial blood pressure had stabilized (1-2 minutes). Free communication between the carotid sinuses and the pressure system was checked after each experiment by releasing the external carotid occlusions and observing backflow of blood.
Evidence for cardiopulmonary innervation was provided by two types of observations. (1) The presence of intact cardiac efferent (and, by inference, cardiac afferent) nerves was demonstrated by (a) heart rates of 60-90/min,-accompanied by respiratory sinus arrhythmia, and (b) temporary cessation of cardiac action when the isolated carotid sinuses were suddenly exposed to a pressure of 200 mm Hg. (2) The response of arterial pressure to a carotid sinus pressure of 40 mm Hg was recorded before and after acute cervical vagotomy. Two days prior to acute vagotomy, dogs were anesthetized and the cervical vagi were approached through lateral incisions in the neck (Stephenson and Donald, 1980b) . A strip of Silastic sheeting was placed around 3 cm of each freed vagus, and the free ends of the sheeting were sutured to the skin. The skin wounds were closed. We accomplished acute vagal section in the conscious dog under local procaine anesthesia by reopening the incision and exposing the vagus nerves. Vagal sheaths were infiltrated with procaine, and the nerves were cut between ties. A tracheostomy in which the tracheal mucosa was left intact was performed 2 days prior to vagotomy; the mucosa was incised and a tube inserted into the trachea prior to vagus nerve section. After vagotomy, the dogs breathed oxygen. Vascularly isolating the carotid sinuses at 40 mm Hg resulted in a mean arterial pressure of 211 ± 7 mm Hg. After bilateral cervical vagotomy, the mean arterial pressure that resulted from carotid sinus hypotension was 241 ± 9 mm Hg. The increase : in arterial blood pressure response was Walgenbach and Donaid/Baroreflex Control of Circulation during Exercise 255 attributed to loss of vagally innervated cardiopulmonary receptors.
Evidence that Hemodynamic Consequences of Vascular Isolation of both Carotid Sinuses were not due to Chemoreceptor Activation or Interference with Cerebral Blood Flow
Carotid chemoreceptors: Since carotid chemoreceptors are destroyed or excluded from the isolated region, reversible vascular isolation of the carotid sinuses during these experiments does not lead to activation of the carotid chemoreflex (Stephenson and Donald, 1980a; Melcher and Donald, 1981) .
Cerebrai Wood flow. The following observations demonstrate that the hemodynamic changes observed during exercise with the carotid sinuses vascularly isolated are not a consequence of cerebral ischemia.
1. In the surgical preparation of the carotid sinuses, the occipital and internal carotid arteries are ligated so that the cerebral, blood flow is via the vertebral arteries. On occlusion of the cuffs on the common carotid arteries, the intrasinus blood pressure falls to 40 mm Hg and becomes pulseless, indicating-the absence of functional intra-arterial connections between the carotid artery and its branches and the Circle of Willis. Cerebral blood flow via the external carotid arterial system therefore is negligible, and vascular isolation of the carotid sinuses does not mechanically reduce it.
2. In anesthetized dogs, blood pressure and blood flow must be reduced by 40% before there are significant alterations.in cerebral metabolism (Geha et al., 1971; Michenfelder and Theye, 1977) .
3. Previous studies have demonstrated that the increase in arterial blood pressure with carotid occlusion was similar before and after surgical preparation of the carotid sinuses (Stephenson and Donald, 1980b) . This implies that the surgical technique did not interfere with cerebral blood flow.
4. In the present study, there was no sustained increase in arterial blood pressure during 1 hour of carotid sinus isolation at the operating point. 5. Cerebral blood flow is not reduced during direct stimulation of the sympathetic nerves to the cerebral vessels (Heistad et al., 1977) .
6. In normal animals, cerebral blood flow does not increase during moderate or severe exercise (Foreman et al., 1976; Pannier and Leusen, 1977) . Therefore, if cerebral blood flow is adequate at rest when carotid sinuses are vascularly isolated, it is not likely that cerebral blood flow would be impaired during exercise when arterial pressure increases.
7. During prolonged mild exercise with vascular isolation of the carotid sinuses, there was no increase in mean arterial blood pressure. The substantial sustained increase occurred after exercise ceased.
8. Dogs with vascular isolation of the carotid sinuses routinely perform the maximum exercise used in the present studies for periods of 30 minutes without evidence of cerebral ischemia such as incoordination, stumbling and unwillingness to continue running.
Data Collection and Analysis
Aortic and carotid sinus pressures were measured with strain gauge transducers (Statham P23D) which were carried by the dog. Mean arterial pressure was derived from the arterial signal by a two-section RC filter. The first section has a 0.5-second time constant and the second section had a 1.25-second time constant. Heart rate was recorded by a rate meter (triggered by the R wave of the ECG signal) which reset at 10-second intervals. Cardiac output was estimated from aortic flow/ recorded from an electromagnetic flow transducer (Carolina Medical Electronics); pulsatile signals were integrated and recorded over 6-second intervals. Calibration of the flow transducer was done in vivo on the final day of experiments in the anesthetized dog; the dye dilution technique was used to measure cardiac output. All values were recorded on a UV recorder (Honeywell 1508 visicorder).
Blood pressure, heart rate, and cardiac output were determined every 30 seconds for each run on each dog. Mean values from the three runs of each dog were used to determine the mean responses of the group. Values presented are the group mean data ± SEM.
Total systemic vascular resistance (TSVR) was calculated using the following formula: TSVR = mean arterial pressure (mm Hg) cardiac output (ml/min) X 100.
Linear regressions of mean arterial blood pressure on cardiac output were'calculated for conditions 2, 3, and 4 in group I. Since cardiac output is linearly related to oxygen consumption (Donald and Ferguson, 1966) , it is an index of increasing workload. The slope of this relationship is defined as TSVR and indicates the degree of vasoconstriction during exercise of increasing severity in each of the three conditions.
Statistical evaluations were made, using Student's r-test for paired observations. Significance is defined as P < 0.05.
Results
Stimulus-Response Curves
The relationship between arterial blood pressure and pressure within the vascularly isolated carotid sinuses in dogs with aortic denervation is compared in Figure 1 to the similar curve obtained by Stephenson and Donald (1980b) for conscious dogs with intact aortic baroreflexes. Both curves display an S-shaped relationship between arterial pressure and carotid sinus pressure, andthreshold and saturation occur at the same carotid sinus pressures, 100 and 200 mm Hg, respectively. The curves differ both in their range and gain. In the aortic denervated dog, the mean range and mean maximum gain of the curve was 150 mm Hg and 2.9, respectively. In the presence of the aortic baroreflex, the mean range and mean maximal gain was 61 mm Hg and 0.7, respecively.
Arterial Blood Pressure
The effect of exercise of increasing severity on mean arterial pressure in group I dogs is shown in Figure 2 in the four experimental situations. The data presented are mean values from the six dogs studied. The pattern of arterial pressure response during this exercise protocol was the same under the first three experimental conditions and consisted of a small, gradual increase in blood pressure as the work load increased. Differences occurred, only in that resting arterial pressure was significantly less (17 ± Stephenson and Donald (1980b) .
Hg, P = 0.005) after aortic denervation and significantly greater (20 ± 7 mm Hg, P = 0.028) after surgical preparation of the carotid sinuses. The respective elevations in blood pressure above resting levels during each grade of exercise were similar in all cases, except that aortic denervation resulted in a 9 ± 3 mm Hg (P = 0.034) greater rise at 21% grade exercise than in intact conditions. By contrast, preventing the ca-Circulation Research/Voi. 52, No. 3, March 1983 rotid baroreceptors from responding to the stress of exercise by vascular isolation and exposure to a static pressure resulted in a different pattern of arterial pressure response from that observed in the three previous experimental situations. The immediate fall in pressure at the onset of exercise was significantly greater (28 ± 8 mm Hg) than in any of the other experimental situations. The increase in arterial blood pressure at the most severe work load was markedly augmented (51 ± 7 mm Hg), and the hypertension developed during exercise was maintained throughout the 5-minute recovery period.
The changes in arterial pressure during graded exercise in dogs with aortic denervation and carotid sinuses isolated at a selected pressure (group I) are compared in Figure 3 with those of the three dogs with chronic sinoaortic denervation (group II). The pattern of arterial pressure during graded exercise in the dogs with chronic sinoaortic denervation was different from that when the carotid sinuses were isolated. In the former group, arterial pressure during exercise and recovery was not significantly different from the pre-exercise control level; in the latter it was significantly elevated during the highest work load and throughout the period of recovery.
Heart Rate
Heart rate increased with increasing intensity of exercise in each of the four experimental situations (Fig. 4) . Only one significant difference in heart rate occurred; heart rate at 21% grade exercise was greater (P = 0.025) in the aortic denervated as compared to the intact dog. 
Cardiac Output
Cardiac output increased in proportion to the intensity of the exercise and in parallel with changes in heart rate (Fig. 5) . No cardiac output measurements were made in the intact dogs. Surgical preparation of the carotid sinuses did not affect the cardiac output response during exercise. Cardiac output was less (0.8 ± 0.17 liter/min; P = 0.01) during the 3rd minute of exercise at 0% grade and more (0.3 ± 0.05 liter/min, P = 0.005) during the 3rd minute of recovery after vascular isolation of the carotid sinuses at a static pressure. No other significant differences were obtained.
Total Systemic Vascular Resistance
Linear regressions of mean arterial pressure on cardiac output are plotted in Figure 6 for group I dogs after aortic denervation, after surgical preparation of the sinuses (carotid sinuses free-running), and after isolation of the carotid sinuses at a static pressure. Summary of the regression analyses for each dog in each condition is presented in Table 1 . The slopes of these lines provide a single value of total systemic vascular resistance under each of the conditions listed above. No significant difference in slope was found before and after surgical preparation of the carotid sinuses; however, the slope of the regression line was significantly greater after isolation of the carotid sinuses as compared to before (13 ± 4; P < 0.025).
In aortic-denervated dogs before and after surgical preparation of the carotid sinuses, calculated total systemic vascular resistance fell with the onset of modest exercise and declined progressively with each increase in work load (Table 2 ). In both experimental conditions, total systemic vascular resistance was significantly less at the most severe work load (3 minutes at 21% grade) than at the lowest work load (3 minutes at 0% grade). No significant decline in total systemic vascular resistance occurred with increasing work load in the aortic denervated dogs with isolated carotid sinuses.
Total systemic vascular resistance was significantly greater during the 3rd minute of exercise at 21% grade and at the 4th minute of recovery in the aortic denervated dogs with isolated carotid sinuses than in aortic denervated dogs with sinuses free-running.
Variability in Individual Responses
All aortic denervated dogs with the carotid sinuses vascularly isolated at a selected pressure demonstrated instability of arterial pressure during at least one of the three individual exercise periods. Two examples are shown in Figure 7 . Arterial pressure showed the greatest variability during exercise at 0% grade (SD, ±17.5 mm Hg, upper panel; ±17.4 mm Hg, lower panel) and tended to be more stable at the highest work level (SD, ±13.8 mm Hg, upper panel; ±11.6 mm Hg, lower panel). The peaks and troughs of arterial pressure sometimes were coincident with directionally similar changes in cardiac output and heart rate, and sometimes were not. In contrast, the arterial blood pressure was much more stable during exercise in the dogs with chronic sinoaortic denervation. The largest standard deviation in the measurements of arterial pressure during running at 0 and at 21% grade in any of the three dogs was 5.0 and 3.3 mm Hg, respectively.
Minutes at 0% Grade
Arterial blood pressures during running for 12 minutes at 0% grade are shown in Figure 8 13.7 6.1 9.2 a = y intercept; b = slope; n = number of pairs of data points; Sy.x = square root of variance dogs in group I (upper and middle panels) and for the group II dogs with chronic sinoaortic denervation (lower panel). Arterial pressure remained near control levels throughout the exercise period in the group II dogs and in the group I dogs with carotid sinuses free-running. Following isolation of the carotid sinuses at a selected pressure in the two dogs with aortic denervation, arterial pressure fell with the start of exercise, and remained below control levels throughout the 12-minute exercise period. Upon cessation of running, arterial pressure increased substantially above the pre-exercise level and remained elevated for the 5 minutes of recovery.
Renin
Levels of plasma renin activity in samples taken during the 3rd minute of exercise at 21% grade in two aortic denervated dogs with carotid sinuses vascularly isolated at a selected pressure were 2.5 and 4.9 ng angiotensin I/ml per hr, values similar to those of 1.2 and 5.0 ng angiotensin I/ml per hr, respectively, measured prior to running.
Discussion
In the present experiments, the increases in cardiac output and heart rate that accompanied exercise of increasing intensity were not affected when the arterial baroreceptors were prevented from responding to the stress. Thus, any differences in the arterial blood pressure responses were due to changes in total systemic vascular resistance. As shown in Figure 6 , the relation of arterial pressure to workload (cardiac output) was steeper when the carotid sinuses were isolated. At the heaviest workload, mean arterial pressure was much higher when the carotid sinuses were not permitted to regulate arterial blood pressure.
Since the blood flow to the exercising muscle presumably was the same whether or not the carotid sinuses were isolated, the large increase in pressure during severe exercise with the sinuses isolated must be due to a marked constriction of resistance vessels in the nonexercising vascular beds.
In a previous study, it was shown that the range, gain, and operating point of the carotid baroreceptor stimulus-response curve for heart rate during light and moderately severe exercise was the same as that at rest (Melcher and Donald, 1981) . Thus, although the carotid baroreceptors can modulate heart rate during execise, they do not appear to be major determinants of the increase in heart rate that accompanies increase in work load. The increase in cardiac output that accompanies increasing work load also appears to be independent of carotid baroreceptor activity. These observations of baroreceptor-dependent and -independent modulation of the cardiovascular response to exercise are compatible with the concepts of integrative neural cardiovascular control proposed by Korner (1971) . This discussion will be limited to the role of arterial baroreceptors in the regulation of arterial blood pressure during exercise. Studies in humans (Vendsalu, 1960; Blair et al v 1961; Haggendal et al., 1970; Davies et al., 1974; Von 200 Control EXERCISE , 0% GRADE Recovery FIGURE 8 . Arterial blood pressure during 12 minutes of exercise at 0% grade in two aortic denervated dogs with carotid sinuses freerunning (9) and with carotid sinuses vascularly isolated at static pressures (O) (upper and middle panels) and in sinoaortic denervated dogs (lower panel). Euler, 1974) and in dogs (Peronnet, 1981) have demonstrated increased plasma catecholamine levels with increasing severity of exercise. The elevated plasma catecholamine levels have been attributed to overflow of transmitter from the sympathetic nerve terminals and are considered to reflect the level of sympathetic adrenergic activity. Plasma norepinephrine concentrations have been exponentially related to the work load (Haggendal et al., 1970) . Thus, during exercise of progressive intensity, sympathetic efferent activity is initially low, but increases with the work load. Conversely, metabolic vasodilation in exercising muscles is linearly related to muscle activity (Donald et al., 1970) . The absolute level of arterial pressure during exercise reflects the relative contribution of these two opposing influences, sympathetic vasoconstriction and metabolic vasodilation. The present study suggests that the carotid baroreflex acts to offset both the fall in arterial pressure at the start of exercise and the progressive increase as the work load becomes greater. The origin of the increased sympathetic activity during exercise is not known. Von Euler (1974) suggested that it may be due to a reduction in baroreceptor activity. The results from the present study are inconsistent with this explanation, since, in the absence of aortic arch baroreceptors and the withdrawal of the carotid baroreflex from interaction with the systemic circulation, arterial pressure increases above that recorded with baroreceptors intact. The increased sympathetic activity may reflect a direct influence from the central nervous system. The increase in heart rate and skeletal muscle blood flow that often precedes the onset of exercise is attributed to a direct central stimulation of sympathetic activity. Rowell et al. (1981) suggest that "central command," acting through cortical and spinal motor systems, sets the basic pattern of efferent activity and that this, in turn, is modulated by arterial baroreceptors and receptors in the skeletal muscle.
Previous investigations using chronic sinoaortic denervated dogs have led to the conclusion that arterial baroreceptors are not involved in arterial pressure regulation during exercise since the pattern in arterial pressure response is similar before and after sinoaortic denervation (Krasney et al., 1974; McRitchie et al., 1976b) . The results from sinoaortic denervated dogs in the present study are consistent with those of Krasney et al. (1974) and McRitchie et al. (1976b) . An earlier study from this laboratory using the carotid isolation technique has led to the conclusion that arterial baroreceptors are involved in arterial pressure regulation during exercise. The apparent discrepancy between chronic and acute removal of baroreflexes is probably due to an adaptation of the sinoaortic denervated dogs to the chronic loss of baroreceptor input, as evidenced by the reduction with time of the marked hypertension that follows acute loss of inhibitory input from carotid and aortic baroreceptors (Cowley et al., 1973) . Bishop and Peterson (1978) reported that, after chronic sinoaortic denervation, arterial blood pressure increased by 49 mm Hg during vagal cold block compared to the value of 22 mm Hg observed in the aortic denervated dog with intact carotid sinuses. These data suggest an enhanced role for vagally innervated cardiopulmonary receptors in the determination of arterial pressure following chronic loss of arterial baroreflexes.
A further explanation of the difference in the response to exercise after acute or chronic removal of the arterial baroreflexes may result from the interactions that can occur between the carotid baroreflex and the higher centers (Gebber and Snyder, 1970; Klevans and Gebber, 1970; Baccelli et al., 1981) or with somatic afferent nerves (Quest and Gebber, 1972) . Sinoaortic denervation results in a permanent interruption of neural traffic from arterial baroreceptors to medullary centers. In aortic denervated dogs with vascular isolation of the carotid sinuses, complete withdrawal of afferent traffic from the carotid baroreceptors (intrasinus pressure at subthreshold levels) results in mean arterial pressures in excess of 200 mm Hg. To allow the studies of exercise, the intrasinus pressure was set at a level that resulted in an arterial pressure close to preisolation values. In this situation, carotid baroreceptor activity cannot be affected by changes in arterial blood pressure, but central modulation of the afferent signal could still occur. Thus, the increase in arterial pressure that occurred during exercise of progressive intensity in dogs with carotid sinuses vascularly isolated from the systemic circulation could, in part, result from indirect activation of the sympathetic system through a central suppression of the carotid sinus nerve traffic engendered by the constant intrasinus pressure.
Data from Melcher and Donald (1981) indicate that the relationship between carotid sinus pressure and mean arterial pressure is "reset" during exercise and operates around a higher mean pressure level. The new operating point is proportional to the intensity of exercise. This mechanism may also contribute to the elevation in arterial pressure developed in the absence of arterial baroreflexes during severe exercise, but it cannot explain the maintained elevation in arterial pressure at the end of exercise or the hypotension developed and maintained during exercise at mild work loads.
A particularly interesting observation in the present study is the maintained elevation in arterial pressure following cessation of graded exercise and after 12 minutes of modest exercise in the aortic denervated dog with vascularly isolated carotid sinuses. In human subjects, Watson et al. (1980) report an increase in plasma norepinephrine during bicycle exercise that continues to rise in the postexercise period. They attribute this elevated catecholamine level to continuing sympathetic drive or a reduction in norepinephrine clearance. If such a pattern is similar in dogs, arterial baroreceptors normally oppose the rise in pressure; in their absence, arterial pressure increases. McRitchie et al. (1976a) have examined the response of arterial pressure to bolus injections of a-adreno-ceptor agonist (methoxamine) before and after sinoaortic denervation. Sinoaortic denervation augments and considerably prolongs (3-5 times normal) the drug-induced increase in arterial pressure. The elevation in arterial pressure observed after exercise of increasing intensity when the sinuses were isolated thus may reflect a continued postexercise increase in sympathetic nerve activity or a prolonged action of circulating norepinephrine. Indeed, calculated total systemic vascular resistance was greater in aortic denervated dogs with isolated carotid sinuses than with carotid sinuses free-running. Plasma renin activity did not contribute to this elevated pressure, since it did not increase during exercise.
The precise role of the arterial baroreflex in the integrated cardiovascular responses to exercise is not easy to determine. The multiple comparisons that have been made in the present study might increase the possibility of obtaining falsely significant findings. Conversely, since each comparison was based on a relatively small number of dogs, the probability is increased that biologically significant differences might go undetected. Despite these difficulties, it seems that the carotid baroreflex acts to adjust imbalances between the work load-related metabolic vasodilation and the exercise-induced increase in sympathetic activity. However, this adjustment is clearly demonstrable only at the start of exercise and at the most severe work load. At the intermediate loads, arterial blood pressure is the same, irrespective of whether or not the carotid baroreceptors are able to respond to changes in arterial pressure. Also, the pattern of arterial pressure observed in these studies may have been due, in part, to central modulation of the fixed level of carotid afferent activity that the experiment necessitated. Dogs with chronic sinoaortic denervation are no longer profoundly hypertensive and obviously have adapted to prolonged loss of the arterial baroreceptors. Part of the adaptation in these animals might be an increase in activity of other baroreceptor systems, such as vagally innervated cardiopulmonary receptors. Whatever the mechanism involved, the key point raised by the present studies is that the carotid sinus baroreceptors have a dual function during exercise. With mild exercise, they serve to maintain arterial blood pressure in the face of metabolic vasodilation in the active muscle; as exercise increases in severity, they prevent an abnormal increase in arterial blood pressure caused by excessive sympathetic outflow to systemic resistance vessels.
We 
